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Faster turnover of new soil carbon inputs under increased atmospheric CO2 27 
 28 
Abstract 29 
Rising levels of atmospheric CO2 frequently stimulate plant inputs to soil, but the 30 
consequences of these changes for soil carbon (C) dynamics are poorly understood. Plant-31 
derived inputs can accumulate in the soil and become part of the soil C pool (“new soil C”), or 32 
accelerate losses of pre-existing ("old") soil C.  The dynamics of the new and old pools will 33 
likely differ and alter the long-term fate of soil C, but these separate pools, which can be 34 
distinguished through isotopic labeling, have not been considered in past syntheses. Using 35 
meta-analysis, we found that while elevated CO2 (ranging from 550 to 800 parts per million 36 
by volume) stimulates the accumulation of new soil C in the short term (< 1 year), these 37 
effects do not persist in the longer term (1 - 4 years). Elevated CO2 does not affect the 38 
decomposition or the size of the old soil C pool over either temporal scale. Our results are 39 
inconsistent with predictions of conventional soil C models and suggest that elevated CO2 40 
might increase turnover rates of new soil C. Because increased turnover rates of new soil C 41 
limit the potential for additional soil C sequestration, the capacity of land ecosystems to slow 42 
the rise in atmospheric CO2 concentrations may be smaller than previously assumed. 43 
 44 
Introduction 45 
Because soils are one of the largest natural sources of the greenhouse gas CO2 (Raich & 46 
Schlesinger, 1992), they play a crucial role in determining the future trajectory of climate 47 
change. Yet, the response of soil C dynamics to future atmospheric conditions remains 48 
uncertain. Numerous studies have found that rising CO2 concentrations stimulate plant growth
 49 
(Ainsworth & Long, 2005). If the resulting increase in soil C input increases the size of the 50 
soil C pool, soils may slow the rise in atmospheric CO2 concentrations (Thornton et al., 51 
2007). However, long-term changes in soil C stocks are determined by the balance between 52 
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the input of new organic matter to soil pools, and the decomposition of soil organic matter 53 
(Hungate et al., 1995). Many CO2 enrichment experiments do not directly measure C fluxes or 54 
the fate of recently added plant detritus vs. soil organic matter that is already present, possibly 55 
limiting their predictive power for the response of soil C stocks to rising atmospheric CO2 56 
(Cardon et al., 2001). A recent meta-analysis used a data-model assimilation approach to 57 
show that CO2 enrichment increases decomposition rates of both new plant inputs and soil 58 
organic matter (van Groenigen et al., 2014). However, without separate measurements of both 59 
these C pools, estimates of decomposition rates could in theory be affected by the structure of 60 
the soil C model used to analyze experimental data (Georgiou et al., 2015; van Groenigen et 61 
al., 2015). 62 
The dynamics of different C pools can be assessed through isotopic labeling, in which 63 
the isotopic composition of the totality of recently fixed C differs from pre-existing soil C 64 
(hereafter “old soil C”). With this approach, we can determine the amount of soil C derived 65 
from the cumulative plant inputs since labeling began (i.e., “new soil C”; Keith et al., 1986; 66 
Balesdent et al., 1987). A similar approach enables us to determine what fraction of total soil 67 
CO2 respiration is derived from decomposition of old C (Rochette et al., 1999), and these 68 
results can be combined to assess the net C storage in an ecosystem (Pendall et al., 2005). 69 
Results vary from studies that use isotopic labeling to quantify CO2 effects on soil C 70 
dynamics, making it difficult to infer global responses from individual experiments. A 71 
quantitative synthesis of results across a wide range of studies can overcome this problem. 72 
Thus, we used meta-analysis (Osenberg et al., 1999) of results from 28 published studies to a) 73 
summarize the effect of atmospheric CO2 enrichment on new and old C stocks in mineral soil, 74 
on soil respiration rates and soil C input rates, and to b) explore the factors that shaped the 75 
responses to CO2 enrichment.   76 
 77 
 78 
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Methods 79 
Data Collection 80 
We extracted results for soil C content and CO2 fluxes from atmospheric CO2 enrichment 81 
studies conducted in the field, in growth chambers, or in glass houses. For studies reporting 82 
new soil C contents, we also extracted data on soil C input proxies. We used Web of Science 83 
(Thompson Reuters) for an exhaustive search of journal articles published before June 2016, 84 
using search terms “CO2” for article title, and “soil AND carbon” and “isotop* OR label*” for 85 
article topic. To be included in our dataset, studies had to meet several criteria:  86 
1.  Studies needed to include at least two CO2 treatments: ambient (between 350–400 ppmV) 87 
and increased (550–800 ppmV).  88 
2. Plants and soils needed to have distinctive isotopic composition in each of the treatments. 89 
Such differences in isotopic composition were established in one of two ways. First, 90 
experiments exploited the difference in C3 and C4 plants; the abundance of 
13C relative to 12C 91 
is less in plant tissue than in atmospheric CO2 due to isotope discrimination, with C4 plants 92 
discriminating less than C3 plants (Farquhar et al., 1989). Thus, growing C3 plants on soil 93 
developed under C4-vegetation (or vice versa) creates a difference in isotopic signature 94 
between plants and soil. Second, some experiments grew plants under an atmosphere with 95 
CO2 that had a different composition from atmospheric CO2 under natural conditions. This 96 
was achieved through 13C or 14C labeling of CO2 in glass houses, growth chambers or field 97 
experiments. In all cases, the contribution of each source to the total soil C pool was 98 
calculated using an isotopic mixing model with two end members, i.e. new plant material and 99 
old soil C (Keith et al., 1986; Balesdent et al., 1987). Using the same approach, the 100 
contribution of old soil C respiration to soil CO2 efflux was determined as well
 (Rochette et 101 
al., 1999). Because root respiration and CO2 derived from new C input have a similar isotopic 102 
signature, isotopic labeling usually cannot distinguish between the contributions of these two 103 
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sources to soil CO2 efflux. As such, we did not quantify CO2 production derived from the 104 
decomposition of new soil C.  105 
3.  Plants needed to be labeled using methods that distributed the isotope among all plant 106 
parts.  Therefore, we excluded studies that applied a single pulse of 14C-CO2 or 
13C-CO2 to 107 
plants, because this approach results in a distribution of labeled C that does not correspond to 108 
the distribution of total C across different plant parts (Kuzyakov & Domanski, 2000).  109 
4. Means and sample sizes had to be available for both ambient and increased CO2 treatments 110 
to be included in our dataset. Estimates of variance were tabulated when available but were 111 
not required for inclusion in the analysis.  112 
 We found 31 papers that met our requirements. One study was excluded because no 113 
new soil C input was detected in either the control or the increased CO2 treatment.  Another 114 
study was excluded because it assumed temporal variation in the old soil C end member; this 115 
approach prohibited direct comparisons with new and old C stocks in other studies in our 116 
dataset. Finally, one study was excluded because low image resolution prevented extraction of 117 
graphical data (see Data S1).  Out of the remaining 28 papers, 18 papers reported new soil C 118 
stocks; 18 papers reported soil C input proxy data; 14 papers reported old soil C respiration 119 
rates; and 7 papers reported old soil C stocks (Table 1).  120 
 We extracted final observations on soil C contents (only 1 experiment reported soil 121 
C data for more than one time point). Although this was not a requirement for a study to be 122 
included in our dataset, all soil C measurements in our dataset were from mineral soil layers. 123 
We averaged observations of old soil C respiration rates over time. For each study, we also 124 
tabulated experimental duration, plant species, and the type of experimental facility that was 125 
used to increase CO2 concentrations. Experiment duration (i.e. the time period during which 126 
soil C input was isotopically labeled) varied between 6 days and 4 years (Table 1, Data S2-5).  127 
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Soil C input proxies 128 
For each study we choose the proxy that we assumed was most indicative of net primary 129 
productivity (NPP), while taking into account the experimental design (Table 1). In studies on 130 
newly seeded plants that lasted less than one growing season, the incorporation of 131 
aboveground litter in mineral soil was likely to be minimal. In these cases we used standing 132 
root biomass, which we assumed was an estimate of belowground NPP. For experiments that 133 
determined new soil C in root ingrowth cores (Hoosbeek et al., 2004; Phillips et al., 2012), we 134 
used root growth as the proxy. In several longer-term experiments, aboveground biomass was 135 
periodically harvested (e.g. van Kessel et al., 2000) or aboveground litter was removed 136 
(Cardon et al., 2001; Heath et al., 2005), which minimized the input of aboveground biomass.  137 
Because root growth data were not available for these studies, we used standing root biomass 138 
as a proxy. For longer-term (1-4 years) experiments without litter removal or biomass 139 
harvesting (Olszyk et al., 2003) we used total plant biomass. For all experiments, we only 140 
included proxies of C input from the time point closest to the corresponding new-soil C 141 
measurements. For all experiments < 1 year, soil C input proxies were measured at the same 142 
time as new-soil C stocks. 143 
  144 
Meta-analysis 145 
We quantified the effect of increased CO2 on new soil C, soil C input proxies, old C 146 
respiration and old soil C by calculating the natural log of the response ratio (r), a metric 147 
commonly used in meta-analyses (Hedges et al., 1999; Osenberg et al., 2001):  148 
 lnr = ln(Vic/Vac)  149 
where V is the value for new soil C, soil C input proxies, old C respiration or old soil C under 150 
increased (ic) or ambient (ac) CO2 conditions. We performed a mixed-effects meta-analysis in 151 
R, using the rma.mv function in the “metafor” package (Viechtbauer et al., 2010), including 152 
"paper" as a random effect (because several papers contributed more than one effect size), and 153 
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weighting lnr by the inverse of its variance. We estimated missing variances using the average 154 
coefficient of variation across the dataset. To ease interpretation, the results from all our 155 
analyses were back-transformed and reported as the percentage change under increased 156 
CO2 ((r − 1) × 100). 157 
 Several factors have been suggested to affect the response of plant growth and soil C 158 
dynamics to CO2 enrichment: 1) type of vegetation (Ainsworth et al., 2005), 2) the CO2 159 
fumigation technology used (De Graaff et al., 2006), 3) experiment duration (Norby et al., 160 
2010), 4) soil texture (Procter et al., 2015), 5) age of the vegetation (Körner et al., 2005), and 161 
6) N availability (van Groenigen et al., 2006). To test whether these factors affected CO2 162 
responses, we categorized each study based on plant type (that is, woody vs. herb), 163 
experimental facility (greenhouse, GH, and growth chamber, GC vs. open top chamber, OTC 164 
and free air CO2 enrichment, FACE), and study duration ( < 1 year  vs. 1-4 years). We based 165 
our cut-off point on expected abrupt changes in soil C input over time; in the first growing 166 
season of an experiment isotopically labeled input mostly consists of root exudates and fine 167 
root turnover (Norby et al., 1987), whereas in longer studies, dead coarse root material and 168 
aboveground litter will contribute as well (Hobbie et al., 2004). One study reported respiration 169 
data for more than 1 year. For this study, we time-averaged the short-term and longer-term 170 
responses separately, and included them as two separate comparisons in our dataset.  For each 171 
study we also tabulated the age of vegetation (number of years at the start of the isotopic 172 
labeling) and clay content. When studies reported soil texture class but not the exact clay 173 
content, we estimated clay content as the mean of the minimum and maximum value of that 174 
texture class according to the soil textural triangle 175 
(http://en.wikipedia.org/wiki/File:SoilTextureTriangle.jpg). In addition, we categorized 176 
studies on soil C stocks and respiration rates according to isotopic labeling method and we 177 
categorized soil C input studies according to the type of proxy that was used (Table 1). 178 
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 We selected our meta-analytic models using the same approach as Terrer et al. 179 
(2016). Briefly, we analyzed the data with all possible models that could be constructed using 180 
combinations of the experimental factors described above as main effects, using the “glmulti” 181 
package in R. The relative importance of the factors was then calculated as the sum of Akaike 182 
weights derived for all the models in which the factor occurred. 183 
 We assessed the effect of N availability using studies that included multiple N levels 184 
in a full factorial design, comparing CO2 responses between high vs. low N treatments. The 185 
interaction between CO2 enrichment and soil N availability was calculated according to 186 
Lajeunesse (2011): 187 
lni =  lnr+N – lnr-N 188 
with lni as the natural log of the interaction term, lnr+N  as lnr in the high N treatment, 189 
and lnr-N as lnr in the low N treatment. 190 
Models were fitted according to the Knapp and Hartung (2003) method; 95% 191 
confidence intervals (CI) of treatment effects were based on critical values from a t-192 
distribution.  For all analyses, we inferred an effect of CO2 if the 95% CI of the mean effect 193 
size did not overlap 0. We used a Wald test to determine whether treatment effects were 194 
statistically different between study categories.  195 
 196 
Results 197 
Averaged across the entire data set, elevated CO2 tended to increase new soil C contents 198 
(+14.4%, P = 0.12). The effect of elevated CO2 on new soil C was best predicted by 199 
experiment duration and soil texture; the sum of Aikake weights indicate that other predictors 200 
were of minor importance (Fig. 1). Based on these results, we calculated treatment effects for 201 
short- and longer-term experiments, using experiment duration as the sole moderator in our 202 
model. Experimentally elevated CO2 only stimulated new soil C accumulation in short-term 203 
experiments (Fig. 2a and Table S1). The effect of elevated CO2 on new C also depended on 204 
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soil texture; treatment effects on new soil C decreased with clay content (Table S1). We found 205 
similar results when we analyzed our data using a model that included both moderators (Fig. 206 
S1). 207 
Within the experiments that measured new soil C, elevated CO2 increased soil C input 208 
proxies by 40.7% (P < 0.001), with positive effects both in short- and longer-term 209 
experiments (Fig. 2b). The effects of elevated CO2 on soil C input proxies did not depend on 210 
experiment duration or any of the other model predictors (Fig. 2b, Fig. S2). When we limited 211 
our analysis to studies conducted in the field (that is, FACE and OTC studies), we found 212 
similar results: the effect of elevated CO2 on new soil C contents in short-term experiments 213 
was significantly higher than in longer-term experiments, but elevated CO2 increased C input 214 
proxies regardless of experimental duration (Table S1).  215 
The average effect of elevated CO2 on soil C input in longer-term studies was strongly 216 
affected by the data from one study (Cardon et al., 2001) which reported exceptionally strong 217 
positive CO2 effects (178 - 343%, see table S3). Excluding the results from this study from 218 
our analysis lowered CO2 effects on soil C input proxies for longer-term studies to a similar 219 
level as those for short-term studies, whereas CO2 effects on new soil C stocks remained 220 
largely unchanged (Fig. S3).  Averaged across the entire data set, elevated CO2 did not affect 221 
old soil C respiration (P = 0.99) and old soil C stocks (P = 0.16). Treatment effects on old soil 222 
C respiration and old soil C stocks were not affected by any of the model predictors (Fig. 2cd, 223 
Figs. S4-S5). 224 
  Within studies that included N availability treatments, elevated CO2 increased the soil 225 
C input proxy more strongly at high N levels (Table 2). The effect of elevated CO2 on old soil 226 
C stocks tended to be more positive at high N levels (P = 0.11); we found no CO2 × N 227 
interactions for the other response variables.  228 
 229 
Discussion 230 
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Our results show that elevated CO2 did not affect new soil C contents in longer-term 231 
experiments. At the same time, our finding that elevated CO2 increased soil C input proxies 232 
both in short- and longer-term experiments indicate that CO2 enrichment stimulated soil C 233 
input regardless of experiment duration. Increased soil C input with no concomitant increase 234 
in new soil C storage can only be explained by increased decomposition rates. Thus, our 235 
results strongly suggest that faster decomposition of new C under increased CO2 negated the 236 
higher soil C input rates, thereby limiting the potential for longer-term soil C storage. 237 
Experiments included in our dataset show that elevated CO2 also increases soil C input 238 
proxies other than the ones used in our analysis, such as litter production (Gielen et al., 2005), 239 
NPP (McCarthy et al., 2010), photosynthetic rate (Heath et al., 2005) and fine root turnover 240 
(Lukac et al., 2003; Trueman & Gonzalez-Meler, 2005) both in the short- and longer term.  241 
Similarly, a recent meta-analysis shows that elevated CO2 increases fine root production and 242 
litter fall regardless of experimental duration (Dieleman et al., 2010). Thus, several lines of 243 
evidence suggest continued positive effects of elevated CO2 on soil C input. This provides 244 
further support for our interpretation that the lack of an effect of elevated CO2 on new soil C 245 
accumulation is not due to decreasing treatment effects on soil C input over time, but rather to 246 
an increase in decomposition rates under elevated CO2.  247 
Our finding that new soil C is unresponsive to elevated CO2 - despite increased C 248 
input to soil - is inconsistent with the idea that more rapid C turnover through soil is an 249 
artifact of the model structure used to infer rates of soil C turnover (Georgiou et al., 2015; van 250 
Groenigen et al., 2015). Rather, finding that elevated CO2 increased C input to soil with no 251 
effect on the size of the new soil C pool supports the interpretation that elevated CO2 252 
increases the turnover rate of new soil C (Phillips et al., 2012; van Groenigen et al., 2014).  253 
Why does increased atmospheric CO2 stimulate the decomposition of new soil C?  254 
Rising levels of atmospheric CO2 increase the supply of labile C root exudates
 (Phillips et al., 255 
2011) and the release of labile C by mycorrhizae (Cheng et al., 2012), which can stimulate the 256 
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decomposition of plant litter by saprotrophs (Phillips et al., 2012; De Graaff et al., 2010). This 257 
explanation is consistent with direct measurements of higher in situ litter decomposition rates 258 
with increased atmospheric CO2 compared to ambient CO2 (Cotrufo et al., 2005; Cheng et al., 259 
2012; Carrillo et al., 2014) and with non-girdled trees compared to girdled trees (Subke et al., 260 
2004). Furthermore, increased CO2 can improve the efficiency of water use by plants, which 261 
reduces soil water loss through transpiration and increases soil water content (Field et al., 262 
1995; van Groenigen et al., 2011). This response stimulates decomposition rates in 263 
ecosystems where low water availability constrains the activity of soil microbes and their 264 
access to substrate (Hungate et al., 1997; Pendall et al., 2003). We note that this latter 265 
mechanism will only have a limited impact in experiments where irrigation minimizes the 266 
effects of elevated CO2 on soil moisture contents.  267 
Our analysis suggests that increased turnover of new C could be a general response to 268 
atmospheric CO2 enrichment. Nonetheless, increased CO2 stimulated new C accumulation in 269 
the short-term. This positive treatment effects on new soil C in experiments < 1 year might 270 
reflect an adjustment period, where microbial activity and decomposition rates did not fully 271 
respond following a step increase in soil C input rates under elevated CO2. The change in 272 
composition of soil C input over time may have played a role as well. In short-term 273 
experiments, plant inputs to soil will consist mostly of root exudates (Norby et al., 1987); the 274 
positive effect of CO2 on new soil C in these experiments likely reflects increased root 275 
exudation. Over time, isotopically labelled root litter, mycorrhizal tissue and leaves contribute 276 
to soil C input as well (Hobbie et al., 2004). Indeed, increased CO2 has been shown to 277 
stimulate the decomposition of these types of plant input (Cheng, 1999; Cheng et al., 2012; 278 
Phillips et al., 2012).  279 
Our findings of faster decomposition rates with increased CO2 are corroborated by 280 
studies that did not include an isotopic C label. For instance, increased CO2 has been shown to 281 
increase the ability of microbes to decompose soil organic matter (Nie et al., 2013), and to 282 
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stimulate the activity of enzymes associated with decomposition of both recalcitrant (Carney 283 
et al., 2007) and labile soil organic matter (Kelley et al., 2011). However, it should be noted 284 
that our analysis only pertains to mineral soils; to the best of our knowledge, no study has 285 
reported CO2 responses of old and new C in organic layers. This is important, because 286 
experimentally elevated CO2 can increase litter fall and stimulate C accumulation in forest 287 
floors, thereby forming a minor additional C sink (Drake et al., 2011).  288 
A recent synthesis of data from a much larger set of mostly longer-term CO2 289 
experiments (n=53, average experiment duration of 6.8 years) that used a mass balance 290 
approach to estimate changes in soil C dynamics found that elevated CO2 increases the 291 
decomposition of both new and old soil C (van Groenigen et al., 2014). Our new findings 292 
confirm those earlier results for the new, but not the old, soil C pool. The lack of a significant 293 
treatment effect on old C respiration might be due to low statistical power; the small sample 294 
size (n=8 for experiments 1-4 years) and high variance associated with the respiration of old 295 
soil C (Fig. 2c, Table S1) limit our ability to detect treatment effects. The large variation in 296 
treatment effects may be caused by among-system variation in the recalcitrance and physical 297 
protection of the old soil C. Moreover, old soil C stocks are large compared to new soil C 298 
stocks and they are characterized by high spatial variability, making it difficult to detect 299 
changes in pool size (Hungate et al., 1995). The impact of spatial variability may be reduced 300 
through long-term experiments involving planted communities on homogenized soils. Large 301 
differences in isotopic signatures between recently fixed C and old C may improve sensitivity 302 
as well (Ogle & Pendall, 2015). Clearly, additional studies are needed to identify the soil 303 
properties determining the turnover of old soil C under increased CO2. 304 
We do not know what caused the negative correlation between clay content and the 305 
effect of elevated CO2 on new soil C stocks. This result seems counter-intuitive, as clay 306 
minerals are generally expected to promote soil C accumulation (Six et al., 2002). One 307 
possible explanation is that the soil disturbance inherent to all experiments in our data set 308 
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released previously physically protected C. Experiments that trace soil C input under both 309 
ambient and elevated CO2 conditions involve continuous isotopic labelling of CO2 (which can 310 
be achieved in greenhouses), or replacing vegetation (i.e. by using soil that developed under 311 
vegetation with a different photosynthetic pathway than that of the experimental vegetation). 312 
As such, all these experiments required a substantial amount of soil disturbance. Undisturbed 313 
clay soils contain relatively large amounts of physically protected C (Six et al., 2002). When 314 
soil disturbance breaks up soil aggregates, much of this C becomes available to microbes 315 
(Hassink et al., 1993). Thus, disturbed clay soils have relatively large and active microbial 316 
communities that might be better adapted to decompose the increased amount of soil C input 317 
under elevated CO2 than soils with low clay contents. Alternatively, clay content may 318 
correlate with soil properties that were not considered in this analysis (because they weren’t 319 
always reported) but that may affect decomposition rates (e.g. nutrient availability, soil 320 
moisture). 321 
Elevated CO2 stimulated soil C input proxies more strongly under high than under low 322 
N inputs, but this response did not result in additional new soil C storage. These results are 323 
consistent with a recent study showing that N additions increase decomposition of new soil C 324 
input (Chen et al., 2014). Nonetheless, several studies found that N additions stimulate total 325 
soil C storage under elevated CO2 (e.g. Hungate et al., 2009; Luo et al., 2006, van Groenigen 326 
et al., 2006).  In combination with our finding that N addition does not stimulate new soil C 327 
storage under elevated CO2, this suggests that N addition stimulates net soil C storage by 328 
reducing old soil C decomposition (e.g. Cheng & Johnson, 1998; Cardon et al., 2001). This 329 
explanation is consistent with our finding that high N additions tended to increase old C 330 
stocks under elevated CO2. However, because this result is based on a small dataset (n=11) 331 
and is only marginally significant, it requires additional experimental work to be tested more 332 
thoroughly. 333 
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Two important limitations of our analysis must be noted. First, the experiments in our 334 
dataset only lasted 4 years at the most, whereas soil C storage is a process that occurs on 335 
decadal timescales.  Elevated CO2 can increase the input of new C into slowly cycling or 336 
passive C pools (Jastrow et al., 2005; Iversen et al., 2011), a response that could stimulate 337 
new soil C storage over time frames longer than the spans of most experiments. As such, we 338 
can only speculate about the extent to which our results are representative for responses on 339 
longer time scales. However, a recent global synthesis of soil 14C data shows that current soil 340 
C models actually overestimate the incorporation of new C in soil with rising CO2 341 
concentrations (He et al., 2016), suggesting that our finding of increased turnover rates also 342 
may apply to longer time scales in real-world ecosystems.  343 
Second, our dataset does not include field experiments in undisturbed natural 344 
ecosystems, or systems with a continuous management history. However, our findings are 345 
supported by longer-term studies in both continuously managed and natural ecosystems.  For 346 
instance, Marhan et al. (2010) combined soil 13C data with inverse modelling to show that 5 347 
years of elevated CO2 increased the decomposition rate of both old and new soil C in cropland 348 
by increasing soil moisture contents. Longer-term CO2 enrichment studies on natural 349 
ecosystems often include an isotopic C tracer in the high CO2 treatment only. Several of these 350 
studies found that new C is predominantly allocated to soil C pools with high turnover rates. 351 
For instance, Taneva et al. (2006) found in a Pinus taeda plantation that after 8 years of 352 
elevated atmospheric CO2, the majority of soil-respired CO2 was derived from pools with a 353 
turnover rate of less than 35 days. Importantly, meta-analyses suggest that on average, 354 
increased plant growth under elevated CO2 does not result in additional soil C storage unless 355 
nutrients are also added (e.g. De Graaff et al., 2006; van Groenigen et al., 2006). Together, 356 
these results strongly suggests that our finding of increased decomposition rates is 357 
transferrable to a wide range of ecosystems.  358 
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Conventional soil C models assume that decomposition rates (k) are not directly 359 
affected by rising CO2 levels (Friedlingstein et al., 2006; Luo et al., 2016). However, our 360 
results (and those of other recent syntheses, e.g. van Groenigen et al., 2014) indicate that k 361 
might increase under elevated CO2. This inconsistency between models and real-world 362 
responses can potentially be avoided when models explicitly represent the relation between 363 
microbial dynamics and decomposition rates and the interactions between various C 364 
pools. Indeed, microbe-centered models (i.e., models in which decomposition is determined 365 
by the size and activity of the microbial biomass, both of which are modeled explicitly) 366 
predict less new soil C accumulation following an increase in atmospheric CO2 than 367 
conventional models (Wieder et al., 2015; Wutzler et al., 2013; Sulman et al., 2014).  368 
This meta-analysis, synthesizing results across 28 studies, suggests that enhanced 369 
turnover rates of new soil C with increased atmospheric CO2 might be common. Therefore, 370 
future assessments of terrestrial feedbacks to climate change should consider the effects of 371 
increased atmospheric CO2 on microbial processes such as soil C turnover. 372 
 373 
Acknowledgements 374 
This work was supported by the U.S. Department of Energy (DOE), Office of Science, 375 
Biological and Environmental Research Program, under Award Number DE-SC-0010632. 376 
R.P.P. was supported by the U.S. Department of Agriculture NRI CSREES Program and by 377 
DOEs Terrestrial Ecosystem Science Program in the Climate and Environmental Sciences 378 
Division. 379 
 380 
References 381 
Ainsworth EA, Long SP (2005) What have we learned from 15 years of free‐air CO2 382 
enrichment (FACE)? A meta‐analytic review of the responses of photosynthesis, 383 
canopy properties and plant production to rising CO2. New Phytologist, 165, 351-372. 384 
 16 
 
Balesdent JA, Mariotti A, Giullet B (1987) Natural 13C abundance as a tracer for studies of 385 
soil organic matter dynamics. Plant and Soil, 19, 25–30. 386 
Billes G, Rouhier H, Bottner P (1993) Modifications of the carbon and nitrogen allocations 387 
in the plant (Triticum aestivum L.) soil system in response to increased atmospheric 388 
CO2 concentration. Plant and Soil, 157, 215-225. 389 
Butterly CR, Armstrong R, Chen D, Tang C (2015) Carbon and nitrogen partitioning of 390 
wheat and field pea grown with two nitrogen levels under elevated CO2. Plant and 391 
Soil, 391, 367-82. 392 
Cardon ZG, Hungate BA, Cambardella CA, Chapin III FS, Field CB, Holland EA, Mooney 393 
HA (2001) Contrasting effects of elevated CO2 on old and new soil carbon pools. Soil 394 
Biology and Biochemistry, 33, 365-373. 395 
Carrillo Y, Dijkstra FA, Pendall E, LeCain D, Tucker C (2014) Plant rhizosphere influence 396 
on microbial C metabolism: the role of elevated CO2, N availability and root 397 
stoichiometry. Biogeochemistry, 117, 229-240. 398 
Carrillo Y, Dijkstra FA, LeCain D, Pendall E (2016) Mediation of soil C decomposition by 399 
arbuscular mycorrizhal fungi in grass rhizospheres under elevated CO2. 400 
Biogeochemistry, 127, 45-55. 401 
Carney KM, Hungate BA, Drake BG, Megonigal JP (2007) Altered soil microbial community 402 
at elevated CO2 leads to loss of soil carbon. Proceedings of the National Academy of 403 
Sciences USA, 104, 4990–4995.  404 
Carrillo Y, Dijkstra FA, LeCain D, Morgan JA, Blumenthal D, Waldron S, Pendall E (2014) 405 
Disentangling root responses to climate change in a semiarid grassland. Oecologia, 406 
175, 699-711. 407 
Chen R, Senbayram M, Blagodatsky S et al. (2014) Soil C and N availability determine the 408 
priming effect: microbial N mining and stoichiometric decomposition theories. Global 409 
Change Biology, 20, 2356-2367.  410 
 17 
 
Cheng W (1999) Rhizosphere feedbacks to elevated CO2. Tree Physiology, 19, 313-320. 411 
Cheng L, Booker FL, Tu C et al. (2012) Arbuscular mycorrhizal fungi increase organic 412 
carbon decomposition under elevated CO2. Science, 337, 1084-1087. 413 
Cheng W, Johnson DW (1998) Elevated CO2, rhizosphere processes, and soil organic 414 
matter decomposition. Plant and Soil, 202, 167-174. 415 
Cheng W, Sims DA, Luo Y, Johnson DW, Ball JT, Coleman JS (2000) Carbon budgeting 416 
in plant–soil mesocosms under elevated CO2: locally missing carbon? Global 417 
Change Biology, 6, 99-109. 418 
Cotrufo MF, Gorissen A (1997) Elevated CO2 enhances below‐ ground C allocation in 419 
three perennial grass species at different levels of N availability. New Phytologist, 420 
137, 421-31. 421 
Cotrufo MF, De Angelis P, Polle A (2005) Leaf litter production and decomposition in a 422 
poplar short-rotation coppice exposed to free air CO2 enrichment (POPFACE). 423 
Global Change Biology, 11, 971-982. 424 
De Graaff MA, Van Groenigen KJ, Six J, Hungate B, van Kessel C (2006) Interactions 425 
between plant growth and soil nutrient cycling under elevated CO2: A meta‐ analysis. 426 
Global Change Biology, 12, 2077-2091.  427 
De Graaff MA, Classen AT, Castro HF, Schadt CW (2010) Labile soil carbon inputs mediate 428 
the soil microbial community composition and plant residue decomposition rates. New 429 
Phytologist, 188, 1055-1064. 430 
Dieleman WI, Luyssaert S, Rey A, et al. (2010). Soil [N] modulates soil C cycling in CO2‐431 
fumigated tree stands: a meta‐ analysis. Plant, Cell & Environment, 33, 2001-2011. 432 
Drake JE, Gallet‐ Budynek A, Hofmockel KS et al. (2011) Increases in the flux of carbon 433 
belowground stimulate nitrogen uptake and sustain the long-term enhancement of 434 
forest productivity under elevated CO2. Ecology Letters, 14, 2910-2922. 435 
 18 
 
Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope discrimination and 436 
photosynthesis. Annual Review of Plant Biology, 40, 503-537. 437 
Field CB, Jackson RB, Mooney HA (1995) Stomatal responses to increased CO2: Implications 438 
from the plant to the global scale. Plant Cell and Environment, 18, 1214–1225  439 
Friedlingstein P, Cox P, Betts R et al. (2006) Climate-carbon cycle feedback analysis: results 440 
from the C4MIP model intercomparison. Journal of Climate, 19, 3337–3353. 441 
Georgiou K, Koven CD, Riley WJ, Torn MS (2015) Toward improved model structures for 442 
analyzing priming: potential pitfalls of using bulk turnover time. Global Change 443 
Biology, 12, 4298-4302.  444 
Gielen B, Calfapietra C, Lukac M, et al. (2005) Net carbon storage in a poplar plantation 445 
(POPFACE) after three years of free-air CO2 enrichment. Tree Physiology, 25, 1399-446 
1408. 447 
Hassink J, Bouwman LA, Zwart KB, Bloem J, Brussaard L (1993) Relationships between soil 448 
texture, physical protection of organic matter, soil biota, and C and N mineralization in 449 
grassland soils. Geoderma, 57, 105-128. 450 
He Y, Trumbore SE, Torn MS, Harden JW, Vaughn LJ, Allison SD, Randerson JT (2016) 451 
Radiocarbon constraints imply reduced carbon uptake by soils during the 21st century. 452 
Science, 353, 1419-1424. 453 
Heath J, Ayres E, Possell M, Bardgett RD, Black HI, Grant H, Ineson P, Kerstiens G (2005) 454 
Rising atmospheric CO2 reduces sequestration of root-derived soil carbon. Science, 455 
309, 1711-1713. 456 
Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis of response ratios in 457 
experimental ecology. Ecology, 80, 1150–1156. 458 
Hobbie EA, Johnson MG, Rygiewicz PT, Tingey DT, Olszyk DM (2004) Isotopic estimates 459 
of new carbon inputs into litter and soils in a four-year climate change experiment 460 
with Douglas-fir. Plant and Soil, 259, 331-343. 461 
 19 
 
Hoosbeek MR, Lukac M, van Dam D et al. (2004) More new carbon in the mineral soil of 462 
a poplar plantation under Free Air Carbon Enrichment (POPFACE): cause of 463 
increased priming effect? Global Biogeochemistry Cycles, 18(1). 464 
Hungate BA, Jackson RB, Field CB, Chapin III FS (1995) Detecting changes in soil carbon in 465 
CO2 enrichment experiments. Plant and Soil, 187, 135-145. 466 
Hungate BA, Holland EA, Jackson RB, Chapin FS, Mooney HA, Field CB (1997) The fate 467 
of carbon in grasslands under carbon dioxide enrichment. Nature, 388, 576-579. 468 
Hungate BA, van Groenigen KJ, Six J, Jastrow JD, Luo Y, de Graaff MA, van Kessel C, 469 
Osenberg CW (2009) Assessing the effect of elevated carbon dioxide on soil carbon: a 470 
comparison of four meta‐ analyses. Global Change Biology, 15, 2020-2034. 471 
Ineson P, Cotrufo MF, Bol R, Harkness DD, Blum H (1996) Quantification of soil carbon 472 
inputs under elevated CO2: C3 plants in a C4 soil. Plant and Soil, 187, 345-350. 473 
Iversen CM, Keller JK, Garten CT, Norby RJ (2012) Soil carbon and nitrogen cycling and 474 
storage throughout the soil profile in a sweetgum plantation after 11 years of CO2‐475 
enrichment. Global Change Biology, 18, 1684-1697.  476 
Jastrow JD, Michael Miller R, Matamala R, Norby RJ, Boutton TW, Rice CW, Owensby CE 477 
(2005) Elevated atmospheric carbon dioxide increases soil carbon. Global Change 478 
Biology, 11, 2057-2064. 479 
Keith H, Oades JM, Martin JK (1986) Input of carbon to soil from wheat plants. Soil Biology 480 
and Biochemistry, 18, 445-449. 481 
Kelley AM, Fay PA, Polley HW, Gill RA, Jackson RB (2011) Atmospheric CO2 and soil 482 
extracellular enzyme activity: a meta‐analysis and CO2 gradient experiment. 483 
Ecosphere, 8, 1-20. 484 
Knapp G, Hartung J (2003) Improved tests for a random effects meta-regression with a 485 
single covariate. Statistics in Medicine, 22, 2693-2710. 486 
 20 
 
Körner C, Asshoff R, Bignucolo O et al. (2005) Carbon flux and growth in mature deciduous 487 
forest trees exposed to elevated CO2. Science, 309, 1360-1362. 488 
Kuikman PJ, Lekkerkerk LJ, Van Veen JA (1991) Carbon dynamics of a soil planted with 489 
wheat under elevated CO2 concentration. In: Advances in soil organic matter 490 
research: the impact on agriculture and the environment, (ed. Wilson, W. S.) pp 491 
267-74. The Royal Society of Chemistry. Spec. Publishers 90, Cambridge. 492 
Kuzyakov Y, Domanski G (2000) Carbon input by plants into the soil. Review. Journal of 493 
Plant Nutrition and Soil Science, 163, 421-431. 494 
Lajeunesse MJ (2011) On the meta-analysis of response ratios for studies with correlated and 495 
multi-group designs. Ecology, 92, 2049–2055.  496 
Lin G, Ehleringer JR, Rygiewicz P, Johnson MG, Tingey DT (1999) Elevated CO2 and 497 
temperature impacts on different components of soil CO2 efflux in Douglas‐ fir 498 
terracosms. Global Change Biology, 5, 157-168.  499 
Lukac M, Calfapietra C, Godbold DL (2003) Production, turnover and mycorrhizal 500 
colonization of root systems of three Populus species grown under elevated CO2 501 
(POPFACE). Global Change Biology, 9, 838-848. 502 
Luo Y, Hui D, Zhang D (2006) Elevated CO2 stimulates net accumulations of carbon and 503 
nitrogen in land ecosystems: a meta-analysis. Ecology, 87, 53-63. 504 
Luo Y, Ahlström A, Allison SD et al. (2016) Towards more realistic projections of soil 505 
carbon dynamics by Earth System Models. Global Biogeochemical Cycles, 30, 40-56. 506 
Marhan S, Kandeler E, Rein S, Fangmeier A, Falloon P, Niklaus PA (2010) Indirect effects of 507 
soil moisture reverse soil C sequestration responses of a spring wheat agroecosystem 508 
to elevated CO2. Global Change Biology, 16, 469-483. 509 
Martens R, Heiduk K, Pacholski A, Weigel HJ (2009) Repeated 14CO2 pulse-labelling 510 
reveals an additional net gain of soil carbon during growth of spring wheat under 511 
 21 
 
free air carbon dioxide enrichment (FACE). Soil Biology and Biochemistry, 41, 512 
2422-2429. 513 
McCarthy HR, Oren R, Johnsen KH et al. (2010). Re‐ assessment of plant carbon dynamics 514 
at the Duke free‐ air CO2 enrichment site: interactions of atmospheric [CO2] with 515 
nitrogen and water availability over stand development. New Phytologist, 185, 514-516 
528. 517 
Nie M, Pendall E, Bell C, Gasch CK, Raut S, Tamang S, Wallenstein MD (2013)  Positive 518 
climate feedbacks of soil microbial communities in a semiarid grassland. Ecology 519 
Letters, 16, 234-241. 520 
Nie M, Bell C, Wallenstein MD, Pendall E (2015) Increased plant productivity and 521 
decreased microbial respiratory C loss by plant growth-promoting rhizobacteria 522 
under elevated CO2. Scientific Reports, 5, 9212. 523 
Nie M, Pendall E (2016). Do rhizosphere priming effects enhance plant nitrogen uptake 524 
under elevated CO2? Agriculture, Ecosystems and Environment, 224, 50-55. 525 
Norby RJ, O'neill EG, Hood WG, Luxmoore RJ (1987) Carbon allocation, root exudation and 526 
mycorrhizal colonization of Pinus echinata seedlings grown under CO2 enrichment. 527 
Tree Physiology, 3, 203-210. 528 
Ogle K, Pendall E (2015) Isotope partitioning of soil respiration: A Bayesian solution to 529 
accommodate multiple sources of variability. Journal of Geophysical Research: 530 
Biogeosciences, 120, 221-236. 531 
Olszyk DM, Johnson MG, Tingey DT et al. (2003) Whole-seedling biomass allocation, 532 
leaf area, and tissue chemistry for Douglas-fir exposed to elevated CO2 and 533 
temperature for 4 years. Canadian Journal of Forest Research, 3, 269-278. 534 
Osenberg CW, Sarnelle O, Cooper SD, Holt RD (1999) Resolving ecological questions 535 
through meta-analysis: goals, metrics and models.  Ecology, 80, 1105-1117. 536 
 22 
 
Paterson E, Thornton B, Midwood AJ, Osborne SM, Sim A, Millard P (2008) Atmospheric 537 
CO2 enrichment and nutrient additions to planted soil increase mineralisation of soil 538 
organic matter, but do not alter microbial utilisation of plant- and soil C-sources. 539 
Soil Biology Biochemistry, 40, 2434-2440. 540 
Pendall E, Del Grosso S, King JY et al. (2003) Elevated atmospheric CO2 effects and soil 541 
water feedbacks on soil respiration components in a Colorado grassland. Global 542 
Biogeochemical Cycles, 17(2). 543 
Pendall E, Bridgham S, Hanson PJ et al. (2004) Below‐ground process responses to elevated 544 
CO2 and temperature: a discussion of observations, measurement methods, and 545 
models. New Phytologist, 162, 311-322.  546 
Pendall E, King JY, Mosier AR, Morgan JA, Milchunas DS (2005) Stable isotope constraints 547 
on net ecosystem production in elevated CO2 experiments. In: Stable isotopes and 548 
biosphere-atmosphere interactions (eds Flanagan LB, Ehleringer JR, Pataki DE), pp. 549 
182-198. Elsevier Academic Press, San Diego, USA. 550 
Phillips RP, Finzi AF, Bernhardt ES (2011) Enhanced root exudation induces microbial 551 
feedbacks to N cycling in a pine forest under long-term CO2 fumigation. Ecology 552 
Letters, 14, 187–194. 553 
Phillips RP, Meier IC, Bernhardt ES, Grandy AS, Wickings K, Finzi AC (2012) Roots and 554 
fungi accelerate carbon and nitrogen cycling in forests exposed to elevated CO2. 555 
Ecology Letters, 15, 1042-1049. 556 
Procter AC, Gill RA, Fay PA, Polley HW, Jackson RB (2015) Soil carbon responses to past 557 
and future CO2 in three Texas prairie soils. Soil Biology and Biochemistry, 83, 66-75. 558 
Raich JW, Schlesinger WH (1992) The global carbon dioxide flux in soil respiration and its 559 
relationship to vegetation and climate. Tellus, 44, 81–99. 560 
 23 
 
Rochette P, Flanagan LB, Gregorich EG (1999) Separating soil respiration into plant and soil 561 
components using analysis of the natural abundance of carbon-13. Soil Science 562 
Society of America Journal, 63, 1207–1213. 563 
Rouhier H, Billès G, Billès L, Bottner P (1996) Carbon fluxes in the rhizosphere of sweet 564 
chestnut seedlings (Castanea sativa) grown under two atmospheric CO2 565 
concentrations: 14C partitioning after pulse labelling. Plant and Soil, 180, 101-111. 566 
Six J, Conant RT, Paul EA, Paustian K (2002) Stabilization mechanisms of soil organic 567 
matter: implications for C-saturation of soils. Plant and Soil, 241, 155-176. 568 
Subke J-A, Hahn V, Battipaglia G, Linder S, Buchmann N, Cotrufo MF (2004) Feedback 569 
interactions between needle litter decomposition and rhizosphere activity. Oecologia 570 
139, 551-559. 571 
Sulman BN, Phillips RP, Oishi CA, Shevliakova E, Pacala SW (2014). Microbe-driven 572 
turnover offsets mineral-mediated storage of soil carbon under elevated CO2. Nature 573 
Climate Change, 4, 1099-1102. 574 
Taneva L, Pippen JS, Schlesinger WH, Gonzalez-Meler MA (2006) The turnover of carbon 575 
pools contributing to soil CO2 and soil respiration in a temperate forest exposed to 576 
elevated CO2 concentration. Global Change Biology, 12, 983-994. 577 
Terrer C, Vicca S, Hungate BA, Phillips RP, Prentice IC (2016) Mycorrhizal association as a 578 
primary control of the CO2 fertilization effect. Science, 353, 72-74. 579 
Thornton PE, Lamarque JF, Rosenbloom NA, Mahowald NM (2007) Influence of carbon‐580 
nitrogen cycle coupling on land model response to CO2 fertilization and climate 581 
variability. Global Biogeochemical Cycles, 21, GB4018. 582 
Trueman,RJ, Gonzalez‐ Meler MA (2005) Accelerated belowground C cycling in a 583 
managed agriforest ecosystem exposed to elevated carbon dioxide concentrations. 584 
Global Change Biology, 11, 1258-1271. 585 
 24 
 
Van Ginkel JH, Gorissen A, Van Veen JA (1997) Carbon and nitrogen allocation in 586 
Lolium perenne in response to elevated atmospheric CO2 with emphasis on soil 587 
carbon dynamics. Plant and Soil, 188, 299-308. 588 
Van Ginkel JH, Gorissen A, Polci D (2000) Elevated atmospheric carbon dioxide 589 
concentration: effects of increased carbon input in a Lolium perenne soil on 590 
microorganisms and decomposition. Soil Biology and Biochemistry, 32, 449-456. 591 
Van Groenigen KJ, Six J, Hungate BA, de Graaff MA, Van Breemen N, Van Kessel C (2006) 592 
Element interactions limit soil carbon storage. Proceedings of the National Academy 593 
of Sciences, 103, 6571-6574. 594 
Van Groenigen KJ, Osenberg CW, Hungate BA (2011) Increased soil emissions of potent 595 
greenhouse gases under increased atmospheric CO2. Nature, 475, 214-216. 596 
Van Groenigen KJ, Qi X, Osenberg CW, Luo Y, Hungate BA (2014) Faster decomposition 597 
under elevated CO2  limits soil carbon storage. Science, 344, 508-509. 598 
Van Groenigen KJ, Xia J, Osenberg CW, Luo Y, Hungate BA (2015) Application of a two‐599 
pool model to soil carbon dynamics under elevated CO2. Global Change Biology, 344, 600 
4293-4297.  601 
Van Kessel C, Horwath WR, Hartwig U, Harris D, Lüscher A (2000) Net soil carbon input 602 
under ambient and elevated CO2 concentrations: isotopic evidence after 4 years. 603 
Global Change Biology, 6, 435-444. 604 
Viechtbauer W (2010) Conducting meta-analyses in R with the metafor package. Journal of 605 
Statistical Software, 36, 1-48. 606 
Wieder WR, Grandy AS, Kallenbach CM, Taylor PG, Bonan GB (2015) Representing life in 607 
the Earth system with soil microbial functional traits in the MIMICS model. 608 
Geoscientific Model Development, 8, 1789-17808. 609 
Wutzler T, Reichstein M (2013) Priming and substrate quality interactions in soil organic 610 
matter models. Biogeosciences, 10, 2089-2103.  611 
 25 
 
Supporting Information  612 
Additional Supporting information may be found in the online version of this article: 613 
Fig. S1. Effect of atmospheric CO2 enrichment on new soil C contents, adjusted for 614 
differences in clay content between studies. 615 
Fig. S2. Model-averaged importance of the predictors of the CO2 fertilization effect on soil C 616 
input proxies.  617 
Fig. S3. Effect of atmospheric CO2 enrichment on new soil C contents and soil C input 618 
proxies, excluding the data from Cardon et al. (2001). 619 
Fig. S4. Model-averaged importance of the predictors of the CO2 fertilization effect on old 620 
soil C respiration.  621 
Fig. S5. Model-averaged importance of the predictors of the CO2 fertilization effect on old 622 
soil C contents.  623 
Table S1. Summary of the results of the meta-analysis on the response of new old soil C, soil 624 
C input proxies, old C respiration and old soil C stocks to atmospheric CO2 enrichment. 625 
Data S1. Full references to the three studies that were excluded from our meta-analysis. 626 
Data S2. New C stocks and experimental conditions for all studies included in our meta-627 
analysis. 628 
Data S3. Soil C input proxies and experimental conditions for all studies included in our 629 
meta-analysis. 630 
Data S4. Respiration of old soil C and experimental conditions for all studies included in our 631 
meta-analysis. 632 
Data S4. Old C stocks and experimental conditions for all studies included in our meta-633 
analysis. 634 
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Figures 638 
 639 
Fig. 1 Model-averaged importance of the predictors of the CO2 enrichment effect on new 640 
soil C stocks. The importance is based on the sum of Akaike weights derived from model 641 
selection using AICc (Akaike’s Information Criteria corrected for small samples). Cut-off 642 
is set at 0.8 (dashed line) to differentiate important from non-essential predictors. 643 
 644 
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  645 
Fig. 2 Results of a meta-analysis on the response of new soil C stocks, soil C input proxies, 646 
old soil C respiration and old soil C stocks to increased levels of atmospheric CO2 for short (< 647 
1 year) and longer-term (1-4 years) studies. (a) Change in new soil C stocks for short-term 648 
studies (n=32) and longer-term studies (n=24); (b) Change in soil C input proxies for short-649 
term (n=32) and longer-term studies (n=24); (c) Change in respiration of old soil C for short-650 
term (n=21) and longer-term studies (n=8); (d) Change in old C stocks for short-term studies 651 
(n=10) and longer-term studies (n=24). Error bars indicate 95% confidence intervals. *** 652 
indicates treatment responses that are significantly different between study categories at P < 653 
0.001. 654 
 655 
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Table 1 Overview of CO2 enrichment experiments included in our meta-analysis; responses that were reported in each study are indicated by '●'. 656 
 657 
Reference System/species Duration 
in yearsa 
Labelb Facilityc New C C input 
proxyd 
Old C 
resp. 
Old C 
Billes et al., 1993 Triticum aestivum 0.08 C-14 GC ● ● (RB)   
Butterly et al., 2015 Triticum aestivum / Pisum sativum 0.27 C-13 FACE ● ● (RB)   
Cardon et al., 2001 California grassland 1.8 C3/C4 OTC ● ● (RB) ● ● 
Carrillo et al., 2014 Bouteloua gracilis 0.18 C-13 
- 
GC   ●  
Carrillo et al., 2016 Bouteloua gracilis / Pascopyrum smithii 0.18 C-13 
 
GC ● ● (RB) ● ● 
Cheng & Johnson, 1998 Triticum aestivum 0.08 C3/C4 GC   ●  
Cheng et al., 2000 Helianthus annuus  0.15 C3/C4 GC ● ● (RB) ●  
Cotrufo & Gorissen, 1997 Lolium perenne /Agrostis capillaris 0.15 
 
C-14 GC ● ● (RB)   
 Festuca ovina       
Heath et al., 2005 Fagus sylvatica / Quercus rober  1.3 C3/C4 GH ● ● (RB)  ● 
 Carpinus betulus /Betual pendula        
 Abies alba / Pinus sylvestris        
Hobbie et al., 2004 Pseudotsuga mensiezii 4.0 C-13 OTC ●   ● 
Hoosbeek et al., 2004 Populus alba 0.67 C3/C4 FACE ●   ● 
 Populus euramericana        
 Populus nigra        
Hungate et al., 1997 California grassland 1.5 C-13 FACE   ●  
Ineson et al., 1996 Betula pendula 0.5 C3/C4 FACE ● ● (RB)   
Kuikman et al., 1991 Triticum aestivum 0.13 C-14 GC ● ● (RB) ●  
Lin et al., 1999 Pseudotsuga mensiezii 1.3 C-13 OTC   ●  
Lukac et al., 2003 Poplar plantation 0.67 C3/C4 FACE  ● (RG)   
Martens et al., 2009 Triticum aestivum 0.12 C-14 FACE ● ● (RB)   
Nie et al., 2015 Bouteloua gracilis 0.08 
0. 
C-13 GC ● ● (RB) ●  
Nie & Pendall, 2016 Bouteloua gracilis / Hesperostipa comata 0.06 C-13 GC   ●  
Olszyk et al., 2003 Pseudotsuga mensiezii 4.0 C-13 OTC  ● (TB)   
Paterson et al., 2008 Lolium perenne 0.18 C-13 GC   ●  
Pendall et al., 2003 Colorado grassland 2.6 C3/C4 FACE   ●  
Phillips et al., 2012 Pinus taeda 1 C-13e FACE ● ● (RG)  ● 
Rouhier et al., 1996 Castanea sativa 0.02 C-14 GC ● ● (RB)   
Trueman & Gonzalez-Meler, 2005 Populus deltoids 4.0 C-13 GH   ●  
Van Ginkel et al., 1997 Lolium perenne 0.12 C-14 GC ● ● (RB) ●  
Van Ginkel et al., 2000 Lolium perenne 0.23 C-14 GC ● ● (RB)   
Van Kessel et al., 2000 Lolium perenne / Trifolium repens 4.0 C3/C4 FACE ● ● (RB)  ● 
a Number of years during which the soil in the study received isotopically labeled C input. 658 
b C-14 = isotopic labelling by 14C-CO2; C-13 = isotopic labelling by 13C-CO2; C3/C4 = isotopic labelling by using a shift in C3 vs. C4 vegetation. 659 
c FACE = Free Air Carbon dioxide Enrichment; GC= Growth Chamber; GH = Greenhouse; OTC=Open Top Chamber. 660 
d RB= root biomass, TB= total biomass, RG = root growth. 661 
e This study created a difference  in  isotopic signature between old soil C and new soil C input by switching soils between ambient and elevated CO2 treatments. 662 
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Table 2 Effect of elevated CO2 for low and high N addition treatments, and the CO2 × N 663 
interaction term in CO2 × N factorial experiments for all response variables included in our 664 
analysis. 665 
Response variable CO2 effect at low N (%) CO2 effect at high N (%) CO2 × N interaction (%) n 
  95% CI  95% CI  95% CI  
 Mean Min. Max. Mean Min. Max. Mean Min. Max.  
New soil C stocks -11.7 -31.2 13.3 -2.3 -24.0 25.5 6.7 -12.2 29.8 18 
Soil C input (proxy) 43.8 10.2 87.8 60.0 22.2 109.4 13.4 1.2 27.1 18 
Old soil C respiration -5.2 -46.7 68.8 -5.3 -45.8 65.4 -3.0 -48.5 82.9 6 
Old soil C stocks 5.5 -4.4 16.3 7.6 -2.4 18.5 2.7 -0.8 6.3 11 
 666 
